Abstract: We report a mid-infrared (MIR) spectral intensity-enhanced supercontinuum (SC) generation from a ZrF 4 -BaF 2 -LaF 3 -AlF 3 -NaF fiber pumped by a nanosecond thulium-doped fiber laser. The spectral region covered from 1930 to 3500 nm with an average output power of 5.23 W. The average power ratio of the MIR SC for the wavelength > 2200 and > 2500 nm were 91.81% and 74.29% with respect to the total output power, respectively. The 1950-nm nanosecond seed pulses were generated from a long ring cavity based on semiconductor saturable absorber mode locker. The pulse repetition rate was 3.02 MHz with a tunable pulse duration of about 1.0 ns-3.9 ns. In addition, a 69.5-W short-wave infrared SC was obtained through a two-stage thulium-doped fiber amplifier with the spectrum extending from 1930 to 2500 nm. To the best of our knowledge, this is the first time such a spectral intensity-enhanced MIR SC directly pumped by a high-pulse-energy nanosecond thulium-doped fiber laser has been achieved.
Introduction
Mid-infrared (MIR) supercontinuum (SC) fiber sources have attracted much attention due to their significant applications in spectroscopy, remote sensing, and hyper-spectral imaging. At present, visible and near-infrared spectral region covered from 300 nm to 2400 nm has been widely investigated based on silica fibers (high nonlinear fibers, photonics crystal fibers or double cladding fibers in rare earth doped fiber amplifiers) [1] - [10] . However, for the MIR spectral region, the transmission loss of silica fibers is enlarged by the strong material absorption. Fortunately, several non-silica glass fibers have been proposed to deliver MIR light, such as sapphire fiber, fluoride fiber, tellurite fiber, and chalcogenide fiber [11] , [12] . The long wavelength edge of SC generation by sapphire fiber has extended to 3.2 m [13] . For tellurite fibers, the spectra region from 1.5 m to 5 m has been obtained with an output power of 0.6 W [14] . Furthermore, chalcogenide fibers can transmit light out to 25 m which are more appropriate for ultra broad band MIR SC sources. And, the spectral covering from 1.4 m to 13.3 m has been reported pumped by a megawatt (MW) peak power optical parametric amplification (OPA) with a central wavelength around 6 m [15] . However, the output SC power was limited to milliwatt level due to the power of pump sources. To generated high power 2 m-5 m SC, commercialized fluoride fiber with the composition of ZrF 4 -BaF 2 -LaF 3 -AlF 3 -NaF (ZBLAN) would be the most suitable MIR fiber.
ZBLAN fiber has a low loss transmission region from 0.3 m to 4.5 m, as well as better environmental stability and higher damage threshold. In recent years, there have been many reports about the SC generated from ZBLAN fiber [16] - [24] , and the pump sources are mostly high power nanosecond Erbium/Ytterbium co-doped fiber amplifiers (EYDFA) or picosecond thuliumdoped fiber amplifiers (TDFA). In 2009, Chenan Xia et al., at the University of Michigan, reported a MIR SC generation from ZBLAN fiber pumped by a 20.2 W EYDFA. The pulse duration and pulse repetition rate (PRR) of the EYDFA were 1 ns and 3.33 MHz, respectively. The MIR SC spectral region covered from 0.8 m to 4 m was finally obtained with an output power of 10.5 W [18] . This is the reported highest output power pumped by Erbium band sources. However, a certain amount of energy distributed in the spectral region < 2000 nm. In 2014, Swiderski et al. reported a SC generation in step-index ZBLAN fiber with a zero dispersion wavelength (ZDW) shifted to 1.9 m. The ZBLAN fiber was pumped by an EYDFA seeded TDFA, and a continuous spectrum extending from $0:85 m to 4.2 m was achieved with the output power of 2.24 W. Over 61% of the total output power corresponded to the wavelengths longer than 3 m [16] .
Compared with EYDFA, the output power of thulium-doped fiber lasers has increased rapidly due to the higher conversion efficiency. The continuous wave output has achieved ∼1 kW [25] , and the pulsed average output power has reached hectowatt scale [26] - [28] , and attributed to the mature 2 m fiber coupled components, the thulium-doped fiber laser with an allfiber structure can be easily obtained. Furthermore, the wavelengths of thulium-doped fiber laser locate in the anomalous dispersion region of ZBLAN fiber and far away from the zero dispersion wavelength of ZBLAN fiber. Most of SC energy can be distributed in the spectral region > 2000 nm. Thus, it would more appropriate as pump sources to pump ZBLAN fiber to generate integrated high power 2 m-5 m MIR SC. A. M. Heidt et al. reported a MIR ZBLAN fiber SC source using picoseconds diode-pumping at 2 m. A total output power of 1.1 W was obtained with a spectral bandwidth from 750 nm to 4000 nm [22] . Recently, Yang et al. reported a 13 W all-fiber MIR SC in ZBLAN fiber pumped by a thulium-doped MOPA system. With the high peak power, the spectrum broadened from 1.9 m to 4.3 m. The seed laser was a semiconductor saturable absorber mirror (SESAM) mode-locked 1960 nm thulium-doped fiber laser with the pulse duration of 26.7 ps and PRR of 29.39 MHz [23] . Besides, Liu et al. obtained a 21.8 W MIR SC with the spectral region from 1.9 m to 3.8 m. The picosecond pulse was mode-locked by a SESAM with the pulse duration of 24 ps and PRR of 93.6 MHz [24] . This is the reported highest SC output power based on ZBLAN fiber, although the long wavelength edge just extended to 3.8 m. As far as we know, all of the reported investigations are based on high power picoseconds thulium-doped fiber lasers. The MIR SC based on long pulse and low PRR thulium-doped fiber lasers are not demonstrated yet. However, in some special applications, such as interferometry [29] , the availability of nanosecond pulse SC sources would be of great interest. Besides, the long pulse lasers always have the advantages of well stability, low cost and low damage threshold.
In this paper, we demonstrate a MIR SC generation from ZBLAN fiber pumped by a stable, high pulse energy nanosecond thulium-doped fiber laser. The nanosecond pulses were modelocked by semiconductor saturable absorber (SA) with tunable pulse duration about 1.0 ns-3.9 ns. The output power and spectral properties of TDFAs were contrasted experimentally with different input pulse duration. In addition, a high power short-wave MIR SC was generated from TDFA with the spectral region and output power of 1930 nm-2500 nm and 69.5 W, respectively. To further broadening the SC bandwidth with a higher spectral intensity, a segment of 50 meters long ZBLAN fiber was utilized as transmission and nonlinear medium. Finally, we got a MIR intensity enhanced SC with the spectral region covering from 1930 nm to 3500 nm and an output power of 5.23 W.
2. Nanosecond Thulium-Doped Fiber Laser Based on SA
Experimental Setup of Nanosecond Thulium-Doped Fiber Laser Based on SA
The schematic setup of passively mode-locked fiber laser is shown in Fig. 1 with a ring cavity. A small piece of semiconductor SA was sandwiched between two ferrule connector physical contact (FC-PC) fiber connectors. Therefore, the integrated device can be easily introduced into the fiber cavity by fuse splicing with other fiber segments. The modulated depth and absorbance of the SA are 23% and 43% @2000 nm, respectively, and the SA was placed behind the thulium-doped single mode fiber (TSF) to avoiding optical damage. A 1567 nm EYDFA with a maximum output power of 3 W was coupled into 1.5 m long TSF with core absorption about 15 dB by a 1560/1950 nm wavelength division multiplexing (WDM). Besides, a fiber Bragg grating (FBG) was utilized as wavelength selecting component with a central wavelength of 1950.5 nm. The reflectance and 3-dB bandwidth are 80% and 0.7 nm, respectively. The FBG was spliced with the second port of an optical circulator and acted as output port. One more isolator (ISO) was used to keep the unidirectional transmission of light with a total isolation about 44 dB together with the optical circulator. The inserted single mode fiber (SMF 28) was used to change the cavity length. Besides, a 50-m-long high nonlinear fiber (HNLF) with the zero dispersion wavelength located at 1550 nm was introduced to the cavity to enhance the nonlinearity. The nonlinear coefficient of HNLF is ! 10 W À1 km À1 @1550 nm. The pulses were monitored by a 1 GHz oscilloscope and a 12.5 GHz InGaAs photodetector (EOT, ET-5000).
Output Properties of the Nanosecond Thulium-Doped Fiber Laser
Increasing the power of 1567 nm pump source to 684 mW, unstable pulses became lasing with the output power of 4.64 mW. When the pump power increased to 0.8 W, the PRR fixed to 3.02 MHz. At the maximum pump power of 3 W, the pulse duration was 3.9 ns with an average output power of 75.9 mW. However, the pulse amplitude jittered at the low pump power, and then, the pulse train became more and more flat with the increased pump power without pulse split, as shown in Fig. 2 . The output power and pulse duration properties are shown in Fig. 3(a) . It can be seen that the output power shows a linear increasing with pump power, but the slope efficiency was only 3%. This was mainly caused by the insertion losses of the SA device, ISO, optical circulator, and the splicing loss between HNLF and SMF28 (∼1 dB). Besides, the pulse duration increased with the output power. The output spectral property of the mode-locked thulium-doped fiber laser is shown in Fig. 3(b) . The central wavelength was located at 1950.5 nm with a spectral bandwidth about 1.8 nm. The spectra were detected by a Fourier transform infrared spectrometer (Bruker, Tensor 27) with a resolution about 0.2 nm. The obvious peaks around the central wavelength were caused by the high nonlinearity and dispersion in the long cavity [30] , [31] .
Despite the lower slope efficiency, the nanosecond mode-locked pulses had well self-starting performance and the pulse duration was always the same at the same pump power. Moreover, this ring cavity did not contain any polarization control components, and the SA had a higher damage threshold. Such a stable output would be suitable for high power amplification and other applications in nonlinear optical frequency conversion. The schematic setup of the high power nanosecond all-fiber thulium-doped two-stages MOPA and MIR SC generation system is depicted in Fig. 4 . The nanosecond pulses were amplified by a pre-amplifier stage (single mode TDFA) and a main power amplifier stage (large mode area TDFA). The devices of the amplifiers used here are the same as illustrated in reference [28] . But the second pre-amplifier stage was removed to avoiding the strong nonlinear effects caused by the high peak power amplified pulses. The length of single mode double-clad thulium-doped fiber (TDF) used in the pre-amplifier stage is 3 m with a cladding absorption of 3 dB/m at 793 nm. 
Output Properties of First-Stage Amplifier
The oscillator described in part 2 was used as seed laser to feed the two stages MOPA. For comparison the amplifier performance, different pulse duration was amplified separately. The pulse duration was controlled by the pump power of the seed laser as demonstrated in part 2. The output spectra from the first stage amplifier are illustrated in Fig. 5(a) with the maximum output power at different pulse duration. The spectra broadened mainly caused by stimulated Raman Scatting (SRS). Enlarging the pump power, the spectrum would red-shifted further, and a faint Raman peak appears at the wavelength about 2140 nm, corresponding to the Raman frequency shift of 13.2 THz in silica fiber. Fig. 5(b) illustrates the output power of single mode TDFA with different pulse duration. It is observed that the slope efficiency decreased from 14.5% to 8.1% at the pulse duration of 1.34 ns. This also indicated that the higher peak power made the appearance of nonlinear effects which caused the broadening of spectra. Thus, the slope efficiency decreased. However, the output power keeps a well linear increase at pulse duration of 3.93 ns. The lower slope efficiency of the single mode TDFA was mainly caused by the insertion loss of ISO (∼1.3 dB@1950 nm) and the insufficient heat management. The LMA TDFA was pumped by two 120 W, 793 nm laser diodes. Fig. 6 shows the output power of the LMA TDFA changing with the pump power at different pulse duration. The slope efficiency decreased severely, especially at the narrower pulse duration. This mainly caused by the spectral broadening leaded by the strong nonlinear effects and the increased fiber MIR absorption losses at the wavelength > 2200 nm. In our experiment, the slope efficiency decreased from 44% to 11% with the increase of pump power at the pulse duration of 1.34 ns, and the output power was only 32.7 W at the pump power of 123 W. For the pulse duration of 3.93 ns, the slope efficiency decreased from 49% to 22% with a maximum output power of 69.5 W at the pump power of 200 W. The maximum pump power at different pulse duration was artificial confined by the temperature of the output fiber (CPS to endcap). Increasing the pump power, increasingly lights transformed into heat leading to the rising of fiber temperature. To protect the system against heat damage, the allowed highest fiber temperature was confined to 65°C. At the same pump power, the narrower pulse would lead to stronger nonlinear effects due to the higher peak power. Therefore, the spectral broadened to longer wavelength, firstly. Besides, the loss increased, which resulted in the dropping of slope efficiency and rising of fiber temperature. At the narrower pulse duration, more heat would be generated. Fig. 7(a) gives the spectral evolution at pulse duration of 3.93 ns. The long wavelength edge of output SC extended to MIR region rapidly with the increasing output power. The wavelength of 1950 nm fiber laser is located in the anomalous dispersion region and far away from the zero dispersion wavelength (ZDW) of the silica fiber. Therefore, at first, the spectra broadening would be mainly caused by MI and self-phase modulation (SPM). The MI breaks the long nanosecond pulses into a serious of shorter pulses leading to the creation of solitons. After that, the spectral red-shifted further by the influences of Raman Scattering induced soliton self frequency shift (SSFS), but the main contribution of the spectral broadening should be given by cascaded SRS. The long wavelength edge extended to 2500 nm at the maximum output power of 69.5 W revealed in Fig. 7(a) . Furthermore, the spectrum has already extended to > 2300 nm at the output power of 31 W, the higher fiber loss made the slope efficiency dropping, corresponding to the power property shown in Fig. 6 . Fig. 7(b) shows the maximum spectral broadening at different pulse duration. The long wavelength edge extended to 2500 nm in all cases, and long wavelength edge was a little greater at the shorter pulse with a higher peak power. It is demonstrated that the peak power is an important factor to lead the solitons red-shifting to a longer wavelength. The dip located in ∼2200 nm was caused by OH À1 absorption in silica fiber.
Enhanced Short-Wave Infrared SC Generation by Short Length Single Mode Fiber
To match the mode field diameter (MFD) of ZBLAN fiber, the output endcap of the LMA TDFA was replaced by a backward version MFA (MFA 2), as shown in Fig. 4 . The input fiber is Nufern FUD-3440 with the length of 0.5 m. The output fiber is single mode silica fiber (Nufern SM1950, ∼0.5 m) with the core and cladding diameter of 7 m and 125 m, respectively, respectively, the numerical aperture (NA) is 0.2. The tested insertion loss of MFA 2 is about 0.5 dB at 1950 nm. The output end of SM1950 was angel cleaved to prevent the Fresnel reflection.
The output power from the MFA 2 with respect to the LMA TDFA pump power of 793 nm LD is listed in Fig. 8(a) . The maximum pump power was limited by the fiber surface temperature. The slope efficiency drops more severe than the LMA TDFA due to the added MFA 2 that the small fiber core of SM1950 provided larger nonlinearity. At the pulse duration of 3.93 ns, the output power was only 23.4 W with the pump power of 97 W. However, the signal power before MFA 2 was 44 W at the same pump power. The transmission loss of MFA 2 was as high as 47%. Such low transmission efficiency was caused by the higher order modes existing in the LMA TDFA which could be easily diffused in the LMA fiber tapered region and cannot be coupled into the small fiber core of SM1950. In addition, due to the strong nonlinear effects, the spectrum broadened to above 2500 nm result in a strong MIR attenuation of the silica fiber. Besides, the insertion loss of MFA is dependent on the wavelength that the loss would be increased with a broader spectral region. In addition, the temperature of SM1950 increased rapidly with the power growing. At the pulse duration of 1.34 ns, the temperature of SM1950 was as high as 53°C, with the output power of 10.9 W.
Because of the insertion of MFA 2, the long wavelength edge was extended further to ∼2700 nm with a 3 dB bandwidth of 600 nm, as shown in Fig. 8(b) . There are three less obvious spectral peaks in the flat SC spectrum, i.e., ∼2150 nm, ∼2360 nm, and ∼2650 nm, respectively, close to the Raman shift of ∼13.2 THz. This proves the mechanism involved for SC flattening should be cascaded SRS, and it shows that the spectrum flatness would be better at the shorter pulse duration even with a lower output power. However, the long wavelength edges were limited at ∼2700 nm in all cases. It follows that, the silica fiber loss was very high at the wavelength > 2600 nm, and most of the light transferred into heat showing a higher temperature at the fiber surface. Therefore, the silica fiber is unsuitable to delivery light with the wavelength longer than 2600 nm, and some MIR mediums are needed to deliver the MIR light, such as fluoride fiber, telluride fiber, and chalcogenide fiber.
Compared with the 25 W and 100 W flat short-wave infrared SC in reference [9] and [10] , we also realized a flat spectrum spanning from 2000 nm to 2650 nm. Although the output power was a bit lower, but our experiment has a simple structure without the utilization of modulated 1.5 m DFB laser and two stage EYDFA.
Mid-Infrared SC Generation Based on ZBLAN Fiber
To extend the spectra red-shifted further and enhance the MIR spectral intensity, 50 meters long ZBLAN fiber was used in our experiment. The core and cladding diameter of ZBLAN are 9.0 m and 125 m, respectively, and the numerical aperture (NA) is 0.2. The ZDW of the ZBLAN fiber is about 1.57 m. The output end of ZBLAN fiber was angle cleaved. The ZBLAN fiber and silica SM1950 were thermal spliced and then put in an aluminum groove with thermally conductive adhesive to protect the weak splice point. The coupling loss between ZBLAN fiber and SM1950 was about 0.4 dB. Fig. 9(a) shows the output power from ZBLAN fiber at different pulse duration. The slope efficiency was decreased apparently at the pump power lager than 25 W. This mainly caused by the increased absorption loss of MFA 2 and the silica fibers. At the pulse duration of 2.54 ns, the obtained maximum output power of MIR SC was 5.23 W at 80 W pump power of LMA TDFA. At the moment, the output power from MFA 2 was 18.5 W. Thus, the MIR conversion efficiency was only 28.3% in ZBLAN fiber due to the high fiber loss brought by the long length. The estimated total transmission loss of the 50 m long ZBLAN fiber should be larger than 3.5 dB at the wavelength region from 2 m to 4 m. Fig. 9(b) shows the spectral evolution at the pulse duration of 2.54 ns. The spectra extended to longer wavelength with the increase of output power. However, the short wavelength kept the same at ∼1930 nm, and the spectral evolution underwent the same process as the LMA TDFA. But, the Raman peaks were more apparent and the intensity was higher than the 1950 nm signal. The first order Raman peak located in ∼2205 nm, corresponding to the Raman frequency shift of 17.79 THz. The SSFS made the long wavelength edge red-shifted further with the increased pump power. The higher loss around 2700 nm was caused by the OH −1 absorption in ZBLAN fiber, as well as the detection system.
Compared with the 21.8 W SC output power demonstrated in reference [24] , the MIR SC obtained in our experiment has a lower output power. But, most of the 1950 nm signal energy transferred to MIR region with enhanced transfer efficiency owing to the longer length of ZBLAN fiber. It can be seen from Fig. 9(b) that the spectral intensity around 2720 nm was higher than 1950 nm signal even at the output power of 4.02 W. The average power ratio of the MIR SC for the wavelength > 2200 nm and > 2500 nm were as high as 91.81% and 74.29% with respect to the total output power, respectively. Besides, the pump source used in our experiment is a low PRR, nanosecond thulium-doped fiber laser instead of a high PRR, picosecond thulium-doped fiber laser, and the nanosecond SC sources would be more appropriate for some special applications, such as interferometry.
Conclusion
In conclusion, we demonstrate a MIR spectral intensity enhanced SC source pumped by two stage nanosecond TDFAs. The nanosecond seed laser was mode-locked by the semiconductor SA. The output pulse has well self-starting superiority without polarization controller components. The output power and spectral properties of TDFAs were contrasted experimentally with different input pulse duration. And, a short-wave infrared SC was generated from the LMA TDFA at the pulse duration of 3.93 ns. The spectrum covered from 1930 nm to 2500 nm with an output power of 69.5 W. To further broadening the SC bandwidth, 50 meters long ZBLAN fiber was utilized as transmission and nonlinear medium. Finally, we have a MIR spectral intensity enhanced SC covering from 1930 nm to 3500 nm with an output power of 5.23 W. The total system is stable, robust and the mode-locked nanosecond seed can be replaced by the more stable actively Q-switched or directly modulated thulium-doped fiber lasers.
Compared with the modulated nanosecond EYDFA pumped MIR SC generation, our scheme has a simple structure and easy to be integrated. What's more, most of spectral energy distributes at the MIR region (> 2200 nm), well complementary with the silica based SC sources. Although we have a higher spectral intensity at the longer wavelength, the average output power and spectral width can be improved further. This mainly caused by the vast heat generated in the fiber of MFA 2 as well as the coupling loss between silica and ZBLAN fiber. In our future work, we will pay more attention to the optimization of the properties of nanosecond pulses and the length of ZBLAN fiber, as well as to the low loss all fiber coupling between silica and ZBLAN fiber to obtain a wider and high power MIR SC source. 
